Experimental investigations of radio-frequency discharges in O 2 /He/NO mixtures in the pressure range 1-100 Torr and power range 0.1-1.2 kW have indicated that O 2 (a 1 ) production is a strong function of geometry, excitation frequency, pressure and diluent ratio. The goal of these investigations was maximization of both the yield and the flow rate (power flux) of O 2 (a 1 ) in order to produce favourable conditions for application to an electric oxygen-iodine laser (EOIL). At lower pressures, improvements in yield are observed when excitation frequency is increased from 13.56 MHz. As pressure is increased in the baseline 50 mm gap configuration, increasing excitation frequency becomes detrimental. O 2 (a 1 ) yield performance is improved at high pressure by reducing the discharge gap and increasing the diluent ratio. Numerous measurements of O 2 (a 1 ), oxygen atoms and discharge excited states are made in order to describe the discharge performance dependent on various parameters.
Introduction
The classical chemical oxygen-iodine laser first reported by McDermott [1] operates on the electronic transition of the iodine atom at 1315 nm, I ( 2 P 1/2 ) → I ( 2 P 3/2 ) (denoted hereafter as I * and I, respectively). The lasing state I * is produced by near resonant energy transfer with the singlet oxygen metastable O 2 (a 1 ) (denoted hereafter as O 2 (a)). In typical systems, a chemical two-phase process is used to produce the O 2 (a) at the interface of liquid basic H 2 O 2 and Cl 2 gas. Zalesskii [2] and Fournier [3] made early studies towards using electric discharges for O 2 (a) production to pump iodine for lasing, but were unable to obtain positive gain. More recently, various groups [4] [5] [6] [7] [8] [9] have investigated similar continuous flowing systems and have measured O 2 (a) yields in excess of 15%, a necessary condition for positive gain at room temperature. Gain in an electrically driven system was achieved in the work by Carroll et al [10] , with lasing in the same system reported in subsequent work [11] . This system [11] made use of a capacitively coupled longitudinal 13.56 MHz discharge in O 2 /He mixtures to provide energy storage in O 2 (a). A key to the success of this early work [10, 11] was the discovery that the significant amounts of oxygen atoms created in the RF discharge rapidly quench I * ; this effect was countered by the introduction of NO and NO 2 to the system in order to suppress oxygen atom flow rates [10, 11] . Since the first reporting of a viable electric dischargedriven oxygen-iodine laser system (called EOIL or DOIL in the literature), there have been a number of other successful demonstrations of gain [12] [13] [14] and laser power [13, 14] . The highest reported gain to date is 0.17% cm −1 , with an output power of 12.3 W [15] .
The transfer of energy to the I * state is dependent on temperature. The pumping reaction is
The forward and backward rates of the pumping reaction are k forward = 7.8 × 10 −11 cm 3 s −1 and k backward = 1.04 × 10 −10 exp(−401/T ) cm 3 s −1 [16] . The temperature dependent equilibrium is K eq = k forward /k backward = 0.75 exp(401/T 
In equation (3), the factor 0.965 accounts for the exothermic loss in the pumping reaction,ṅ O 2 is the input flow rate of oxygen in mmol s −1 , E O 2 (a) is the energy per millimole of O 2 (a), 94.3 J mmol −1 , Y loss is the O 2 (a) yield lost due to quenching between the discharge and resonator, and to I 2 dissociation, and η sys is an overall system efficiency representing the product of mixing, geometric, residence time, and optical extraction efficiencies. Equation (3) (analogous to the equation developed by Hon [16] for COIL) provides straightforward qualitative and quantitative information of the power available for extraction from a particular discharge configuration based on measured yield, temperature and input oxygen flow rate. Equation (3) establishes that EOIL output will increase with the input oxygen flow rate, and that system performance will be enhanced by improving O 2 (a) yield, reducing cavity temperature and minimizing losses of the power stored in the O 2 (a) flow (which can be defined as
A prominent discharge technique used to produce O 2 (a) in EOIL research has been transverse capacitive RF [15, [17] [18] [19] [20] [21] . Experiments and modelling by Rakhimova et al [17, 18] and Braginsky et al [19] [20] [21] have shown that O 2 (a) generation in transverse RF discharges is significantly enhanced by exciting the discharge at higher frequencies than the typical 13.56 MHz. Rakhimova et al [17] suggested that increased frequency led to a narrowing of the sheath region in which O 2 (a) production is ineffective and allowed operation of the discharge in the homogeneous α-mode to higher energy inputs. Braginsky et al [19] showed that increasing the excitation frequency in a smalldiameter transverse discharge (from the typical 13.56 MHz) results in a substantial increase in O 2 (a) production efficiency; with the addition of NO to the mixture and HgO-coated walls to enhance oxygen atom recombination, this group [19] obtained O 2 (a) yields of ∼21% at 10 Torr, ∼17% at 20 Torr, and ∼13% at 30 Torr using an excitation frequency of 160 MHz [19] . For these results, the input velocity and temperature were 10 m s −1 and 293 K, respectively, and the tube internal diameter was 7 mm [19] , which corresponds to increasing input oxygen flow rates in the range 0.2-0.6 mmol s −1 over the 10-30 Torr pressure range. Using these values for yield and flow rate in equation (3) to estimate O 2 (a) power corresponds to P O 2 (a) in the range 4-8 W.
In various works by Braginsky et al [20] with capacitive RF discharges, three operating regimes (I → III) are identified for increasing energy deposition into the plasma:
(1) Homogeneous mode (α-mode): energy is deposited approximately uniformly across the tube volume between the electrodes, and the discharge is sustained by volume ionization. (2) Transient mode (γ -mode): γ -processes (secondary electron emission) become essential for retaining the discharge structure, but the main energy is still dissipated in the interelectrode gap. (3) Inhomogeneous mode: plasma jets and surface wave discharge propagate outside the electrode gap and a large portion of the energy dissipation occurs outside of the gap. A considerable contribution of γ -processes to the electron generation is indicated by bright narrow nearelectrode layers and a dark Faraday space within the interelectrode gap.
The α-mode is more favourable because it results in more efficient energy deposition into O 2 (a) [21] . However, the maximum O 2 (a) production often occurs at energy depositions in which the discharge is in γ -mode [21] . This description of operational modes for flowing RF discharges is consistent with the designations for α and γ mode found in RF systems first noted by Levitskii [22] . Raizer et al [23] provide numerous examples of capacitive RF discharge behaviour in a variety of gas mixtures at moderate pressures (10-100 Torr), the regime of interest in EOIL. An important characteristic of α-mode RF transverse capacitive discharges is the 'normal current density.' In the condition where energy deposition is low and the discharge does not fill the electrode gap, as the current is raised, the discharge volume grows such that the current density remains nearly constant; this constant density is the 'normal current density', sometimes denoted j nα see Raizer [23] . From the work by Yatsenko [24] with He and air discharges, the following trends can be expected: (1) j nα varies with mixture, (2) j nα increases with pressure, (3) j nα increases with gap. Carroll et al [11] suggested that the increase in O 2 (a) production from the presence of NO in the discharge gas mixture that they first observed is due to a lower ionization potential of NO which leads to increased electron number density in the discharge promoting better discharge stability and increased pumping of the O 2 (a) [11] . Braginsky et al [19] expand on this idea by suggesting that the beneficial influence arises from the lower ionization potential gas mixture leading to the plasma occupying more volume within the gap, thus lowering the normal current density [19] .
Vidaud et al [25] experimented with α to γ transition in nitrogen discharges between 10 and 100 Torr and found that transition voltage increases with increasing pressure, and decreases with increasing frequency. Odrobina and Kando [26] modelled the transition between α and γ mode in 1 Torr of argon and showed that increasing the applied frequency led to a decrease in the sheath depth and [18] showed that when the discharge frequency was increased from 13.56 to 81 MHz for an energy deposition range 50-400 J mmol −1 , the discharge spatial structure changed dramatically. The case modelled was 10 Torr of pure oxygen in a transverse discharge with 14 mm gap and 30 cm electrode length. At 13.56 MHz, the discharge glow filled the electrode gap, and the power was uniformly deposited [18] . In the 81 MHz case, the plasma did not fully occupy the discharge gap, and the discharge operated in normal current density mode [18] . In the modelling result, the length occupied by the 81 MHz discharge increased with energy deposition, which was in good agreement with visual observation of the experiment [18] . Also, the electron density and specific energy input (per unit volume) in the 81 MHz case were twice as high as the 13.56 MHz case [18] .
In this paper, behaviours of typical EOIL transverse RF discharges in O 2 /He/NO mixtures are discussed, showing the influence of frequency on O 2 (a) and oxygen atom production in the pressure range 1-100 Torr, with typical oxygen input flow rate of 10 mmol s −1 . It is shown that increased O 2 (a) yield can be obtained at moderate pressures by increasing the excitation frequency and reducing the discharge gap, following the behaviours observed and modelled by Rakhimova et al [17, 18] and Braginsky et al [19] [20] [21] for pure oxygen and O 2 : NO mixture. Using varied discharge geometries, excitation frequencies and optimizing He : O 2 diluent ratio it was possible to obtain O 2 (a) yields of ∼13% at 50 Torr, and ∼16% at 20 Torr, corresponding to power storages in O 2 (a) of 120 W and 150 W, respectively. The transition between homogeneous and inhomogeneous transverse discharge modes is described, and the influence of frequency on the discharge characteristics (volume and mode) is shown using spatial measurements of the Herzberg I and II bands in O 2 . Measurements of oxygen atoms, using actinometry within the discharge, and O-NO recombination in the discharge afterglow are reported for a variety of configurations and flow conditions.
Experimental apparatus and calculations

Discharge configurations and flow system
For purposes of this paper, the results from four transverse capacitive RF discharge geometries will be discussed. These are summarized in table 1. All four discharges use 25.4 cm long (10") copper plates or foil as electrodes. The term 'clamshell' is used to describe a set of transverse electrodes which conform to the outer radius of the tube. The discharges were excited with (RF) power at 13.56, 27 and 60 MHz. ENI OEM-12A and OEM-25A supplies were used for power at 13.56 MHz. An ENI A-1000 variable frequency (0.3-30 MHz) power supply, driven with a Wavetek model 164 wave generator was used to supply power at 27 MHz. A Comdel CPS-1001 was used to supply RF power at 60 MHz. Incident and reflected powers to the radio-frequency (RF) matching network were measured by Bird Thruline model 43 wattmeters (RF 'system power' is the difference of the incident and reflected powers, and does not include matching network losses). Voltage and currents were measured with a Tektronix model P6015 high-voltage probe (or a capacitive pick-up calibrated to this probe) and Pearson model 411 current monitors, respectively. MicroMotion CMF and Omega FMA mass flow meters were used to measure the flow rates of the gases. Pressures in the flow tubes were measured with MKS Instruments transducers. The flow setups used in this study are sketched in figure 1.
Diagnostics suite for excited oxygen and oxygen atom measurements
A Princeton Instruments/Acton Optical Multi-channel Analyzer (OMA-V, 1024-element InGaAs array) with a 0.3 m spectrometer and a 600 g mm −1 grating blazed at 1.2 µm was used for measurements of O 2 (a) at 1268 nm; the calibration technique for this instrument is discussed in detail in Carroll et al [27] . An Apogee E47 CCD camera coupled to a Roper Scientific/Acton Research 150 mm spectrometer with a 1200 g mm −1 grating blazed at 750 nm was used to measure the ro-vibrational emission of O 2 (b) at 762 nm (from which flow temperature was determined using the method [35] described by Carroll et al [5] ), as well as the emissions of excited atomic oxygen at 777 nm, and excited argon at 750.4 and 751.5 nm. A Santa Barbara Instruments Group CCD with an Acton 150 mm spectrometer was also used to measure O 2 (b). The broadband emission of NO * 2 was measured using a Hamamatsu R955 photomultiplier with a narrowband 580 nm filter; the oxygen atom concentration was determined from the emission of NO * 2 using the method described by Piper et al [28] . These optical diagnostics were fibre coupled using either Oriel model #77538 glass fibre bundles or ThorLabs 600 µm × 5 m multimode fibres.
Trace argon actinometry was used within the discharge in order to determine the oxygen atom flow rate, using a method similar to that described and applied to dc oxygen discharges by Pagnon [29] . In this technique, the intensity of an emitting state X * is related to the ground state concentration [X] by
where C det (X * ) is the detector efficiency for the emission, hν ij is the photon energy of the emission, A ij is the Einstein spontaneous emission rate for the emission, k i e is the electronic excitation rate of the initial state, n e is the electron density, A ik is the sum of spontaneous emission rates out of the initial state, [Q m ] is the density of initial state quencher m and k m is the quenching rate of the initial state by quencher m. Using this model of the intensity, it is possible to deduce the oxygen atom concentration by flowing trace amounts of argon gas in the discharge and comparing the emissions of excited states of argon and atomic oxygen. The emissions monitored in this analysis were the 777 nm emission of atomic oxygen O( 5 P), the 750.4 nm emission of excited argon Ar(2p 1 ), and the 751.5 nm emission of excited argon Ar(2p 5 ). Using equation (4) to formulate the intensities, the atomic oxygen concentration can be determined from
The parameters used to determine K Ar/O in equation (5) and the corresponding references are summarized in table 2; the detector efficiencies are assumed to be equal. For the conditions studied in this paper, the quenching terms are significant compared with the spontaneous decay; however, the quenching by helium is negligible compared with quenching by molecular oxygen. The estimated values for quenching rates are based on measurements for similar quenching reactions available in the literature. Francis [30] showed that the quenching of Ar(2p 1 ) and Ar(2p 5 ) were similar for Ar, CH 4 and C 2 H 2 used as a buffer gas. Various data in the literature [31] showed quenching of excited oxygen atom states in He to be a few orders of magnitude slower than in O 2 . The E/N (electric field-to-gas density ratio) dependent rates are found using a Boltzmann solver for the electron energy distribution function (EEDF) in the desired (O 2 : He) mixture, and integrating the referenced cross-section with that EEDF and the electron velocity to determine the pumping rate. Katsch et al [34] found that the validity of the 777 to 750 nm line ratio to measure oxygen atoms was influenced by three behaviours:
secondary electron effects (γ -mode processes) and (3) 
All three of these effects could be an issue in the systems studied here, dependent on the operating conditions. However, the discharges studied here with actinometry have fairly low electron temperature (∼2 eV), where the dissociative channel should not be significant; also the impact of secondary electrons on the actinometry measurement is expected to be small, considering that the measurements shown here were taken in discharges where the intensity was approximately uniform through the gap (homogeneous discharge). The excitation of O The oxygen atom density downstream of the discharge was measured by monitoring the O-NO recombination emission (air-afterglow). In this measurement, the oxygen atom density is determined by measurement of the 580 nm filtered NO * 2 emission, temperature, and known NO flow rate. The intensity of the NO * 2 emission can be expressed as
In this expression, k AG (T ) is the temperature dependent emission rate. In the work by Clyne and Thrush [36] , this emission rate was found to have a temperature dependence of T −1.2+/−0.3 over the temperature range 200-300 K. In order to validate this temperature dependence, O-NO recombination measurements were taken along with actinometry measurements in a low power secondary discharge, using a technique similar to that described by Braginsky [20] . From these measurements, the best agreement between the two methods was found using a dependence of T −1.5 for k AG . The measurement of the Herzberg I and II band groups [37] in O 2 was accomplished using a Nikon D70 with narrowband 404.7 nm filter placed in the optical path. The filter has a 11 nm bandwidth (399-410 nm), which allows capture of two sets of excited O 2 emissions, O 2 (c
, (5, 8) , (6, 8) , (8, 9) , (10, 10), (11, 10) and (5, 8) , (4, 9) . The filtered camera was set up to view discharge configuration #3 in two ways: (1) with the optical axis perpendicular to the grounded plate, such that the emission from 0.125" holes in the plate could be collected and (2) with the optical axis perpendicular to the transverse gap between the plates, such that the transverse structure could be observed. Typical 404.7 nm emission data with the camera optical axis perpendicular to the grounded plate is shown in figure 2 for a case in which the discharge excitation is uniform. (20, 30 and 50 Torr)
Experimental results
O 2 (a) and O-atom results in baseline configuration
The O 2 (a) produced within the discharge decays significantly with distance from the electrode gap due to the influence of oxygen atoms in the afterglow. Figure 3 shows temperature T and pressure p. The exit yields for these cases are ∼16% at 20 Torr, ∼14% at 30 Torr and ∼6% at 50 Torr; the slope of yield with distance is similar for the three pressures. This slow decay along the tube agrees well with the influences of three mechanisms in the afterglow of the discharge: (1) three-body deactivation mechanism
Modelling the observed decay using the rates provided by Palla [38] resulted in agreement within a factor of 2, which is reasonable considering the uncertainty in the O 2 (b) density, and the branching ratio of the quenching of O 2 (b) to O 2 (a). From these results, the behaviour of O 2 (a) in the discharge afterglow is heavily dependent on the level of oxygen atoms in the system.
Oxygen atoms are removed in the discharge afterglow primarily by reactions with NO and NO 2 , and less rapidly through wall recombination. Figure 4 shows the decay of the oxygen atom yield with distance for the same conditions shown in figure 3 ; when the flow temperature data is used to adjust the [O] data as a function of flow time t, the oxygen atom decay follows the dependence,
where N is the average gas density in the measurement region, K O = 2.56 × 10 −16 cm 3 s −1 is a global decay rate and [O] 0 is the measured oxygen atom density at the most upstream point. This behaviour agrees well with a two-body decay mechanism. The most likely mechanism is the fast titration reaction O + NO 2 → NO + O 2 . The NO 2 required for this mechanism can be produced by three-body recombination (O + NO + M → NO 2 + M) as discussed in [39] . Based on the rates of these mechanisms, and the flow parameters for the data in figures 3 and 4, the two-body titration reaction will dominate the three-body recombination by an order of magnitude if the ratio of [NO 2 ]/[NO] is greater than ∼ 1 × 10 −2 . Assuming this value, the decay can be reformulated as 
Transverse discharge behaviours
The discharge configurations used in this study exhibit interesting behaviours dependent on the pressure, transverse gap, excitation frequency and power input. The discharge volume can be observed by visual inspection of the various discharge glow emissions including the airglow (O + NO → NO * 2 → NO 2 + hν) in the various cases with NO added to the flow. Figure 5 shows photographs of discharge geometry #2 driven at 13.56 MHz with a flow mixture of 10 : 33 : 0.15 O 2 : He : NO at 20 and 50 Torr for a variety of power levels. As the power is increased, the fraction of the plate gap occupied by the plasma emission is increased. For the 20 Torr case, with power increasing from 0.2 to 1 kW, the plate gap is filled with plasma at 400 W, and as more power is added (to 1 kW), bright emissions near the electrode are observed, indicating significant influence of secondary electron emissions from the dielectric wall (γ -type processes); when the pressure is increased to 50 Torr, the plate gap is only half filled with plasma at 1 kW. Enlarged photographs of a few cases from figure 5 are shown in figure 6 , in order to emphasize the transverse structure: in case (i) 20 Torr and 400 W, a homogeneous discharge is observed; in case (ii) 20 Torr and 1000 W, the influence of γ -processes (secondary electrons) is evident by the bright bands at the wall where the electrode contacts the tube; in case (iii) 50 Torr and 1000 W, the transverse gap is characterized by bright thick bands near the wall beginning at the upstream edge, with the intensity in the centre portion of the tube increasing with flow distance. The spatial behaviour of the discharge in the smaller 2.0 cm diameter tube is quite different than the results seen for the 4.9 cm diameter tube; as seen in figure 7 , the visible plasma fills the electrode gap completely for 50 Torr and 800 W RF and the intensity across the tube diameter is uniform for the three power levels shown. The glow visible downstream of the discharge gap in figures 5 and 7 is due to O-NO recombination (airglow).
The discharges in geometries #2 and #4 shown in figures 5 and 7, respectively, exhibit a normal current density effect similar to that described by Raizer [23] for moderate pressure discharges. At low power setting, the discharges ignite at the downstream edge, and as power (current) is increased, the discharge volume increases, maintaining a nearly constant current density. When the discharge volume is limited by the plate geometry, as in figure 5(iii), the current density must increase, and the impact of secondary electron emission is evidenced by increased intensity at the dielectric surface where the copper plates contact the quartz tube. It is difficult to discern whether the discharges in figures 5(iv)-(vi) (50 Torr cases) are α-or γ -mode, since either mode can exhibit normal current density effects dependent on the discharge configuration; the transverse intensity structure is inhomogeneous at the upstream edge of the plasma, but homogeneous at the plate gap exit. However, the key behaviour to note is that as pressure increases, the plasma volume is reduced, and the discharge operates at higher power density. As will be shown in the following sections, this behaviour leads to decreased O 2 (a) production, and increased oxygen atom production.
α to γ transition in a 13.56 MHz discharge in O 2 : He mixture
To show the transition between α (homogeneous) and γ (inhomogeneous) modes in a typical EOIL discharge setup, the current-voltage characteristic (CVC) was taken for discharge geometry #3 at the baseline flow rate of 10 : 33 O 2 : He at ∼21 Torr without, and with a trace NO flow rate of 0.15 mmol s −1 . As seen in figure 8(a) , at low input powers, the discharge operates with normal current density. As power is increased, the current increases, and there is a transition in the neighbourhood of 1.7-1.9 A, in which there is an initial drop in voltage, and then as power is increased further voltage and current both increase (abnormal behaviour). This transition point occurs at nearly the same RF power input where the plates are nearly filled with plasma, and beyond this power input level, the electron density (and therefore current density) increases throughout the electrode gap region. As the current density is increased (due to the confinement of the plasma to the volume between the plates) the transition of the discharge from a homogeneous α-mode to an inhomogeneous γ -mode is observed. The trace NO flow rate has little effect on the transition point which occurs at approximately 350 W RF. However, the production of O 2 (a) increases significantly. versus RF in the α-mode; the reason for this is not well understood, but is hypothesized to be due to the combination of three effects [41] : (1) shifting of the average E/N (or T e ) to conditions more optimal for O 2 (a) production (original assumption, [11] ), (2) improved electronimpact pumping of O 2 (a) due to conversion of oxygen atoms to ground state O 2 and (3) reduced kinetic quenching of O 2 (a) due to removal of oxygen atoms (and the associated buildup of ozone). Figure 9 shows the influence of pressure on the CVC for 10 : 33 mmol s −1 O 2 : He. As pressure is increased, the voltages and currents for operation in normal α-mode increase. For the 32 Torr case in figure 9 , it was trivial to operate the discharge in either α-or γ -mode at powers near 500 W (2.8-3.4 A) by careful matching of the discharge as this transition point was approached from high (γ -mode) or low (α-mode) powers; thus, a significant amount of overlap in the two modes is observed in the CVC. Similar hysteretic behaviours near transition were observed in the work by Vidaud et al [25] .
Spatial measurements of excited O 2 within the discharge (Herzberg I and II bands)
Visual inspection of photographs of the discharge (as in figures 5-7) is a good qualitative technique for discerning the volume occupied by the plasma between the plates, but does not adequately describe the discharge characteristics (n e , T e or E/N). Also, interpretation of these photographs is difficult due to the presence of the airglow emission from O-NO recombination. In order to more adequately determine the influence of frequency on the discharge structure, the O 2 (A with an 11 nm bandwidth was used, capturing a number of transitions in each band group. For fixed mixture and pressure, and assuming that the pumping rate is unaffected by frequency, the intensity of these states should be proportional to the electron density (see equation (4)), and provide a qualitative representation of the discharge structure.
The 404.7 nm intensity measurement as a function of position and power from discharge geometry #3, comparing 13.56 and 60 MHz at 20 Torr, is shown in figure 10(a) . In these cases, the 'filling' of the electrode gap proceeds in much the same way as was shown in figures 5 and 7 for geometries #2 and #4, respectively (normal current density effect). At low power, the discharge ignites at the downstream edge of the electrode gap, and spreads upstream, maintaining a near-constant normal current density, as power is added. In the 60 MHz case, the power range of normal current density behaviour is extended compared with the 13.56 MHz case. Figure 10(b) shows some cross-sections of the data in figure 10(a) along with similar data at 10 Torr for fixed power. The intensity plotted is the average of the filtered emission from three evenly spaced span-wise rows of 0.125" holes in the grounded electrode (see figure 2 ). In the 13.56 MHz case at 40 W Torr −1 , the visible plasma fills the electrode gap and the intensity is relatively constant, falling off with distance as the gas is heated and the oxygen is dissociated. For the same power per pressure input conditions at 60 MHz, there is no visible plasma in the upstream portion of the electrode gap; the intensity increases rapidly with distance beginning near the centre of the gap and reaches a level in excess of the 13.56 MHz case. This data indicates that increasing the frequency from 13.56 to 60 MHz results in both higher electron density and higher current density (since the visible plasma fills only approximately the downstream half of the gap at higher frequency). In the lower pressure case (10 Torr), this effect results in enhanced O 2 (a) production. At 20 Torr, there is no benefit in O 2 (a) production for increased frequency, although the influence of frequency on discharge character is similar. The significant increase in electron density and decrease in plasma volume with frequency agrees well with modelling by Rakhimova et al [18] which showed that increasing the frequency allows the discharge to operate in α-mode to higher energy deposition. Operating discharge geometry #3 at 60 MHz results in α-mode operation at a higher current density compared with the 13.56 MHz case for the range of energy depositions studied. This is due to the influence which frequency has on the capacitive ballast impedance of the dielectric (quartz) and the sheath impedance. As frequency increases from 13.56 to 60 MHz, the impedances of dielectric and sheath decrease, resulting in an increase in the normal current density at which the α-mode discharge operates (see, for example, the analysis of 'RF discharge with coated electrodes' given by Raizer [23] ). Figure 11 shows the intensity of the 404.7 nm emission as a function of height in the transverse gap for 13.56 and 60 MHz at varied power input for 10 : 33 : 0.15 mmol s −1 at 20 Torr (conditions similar to figures 8 and 10(a)). In the 13.56 MHz cases ( figure 11(a) ), the transition between α-mode and γ -mode is observed as power increases. At 250 W, the intensity rises rapidly at the dielectric surface, and is uniform through the gap. When the power is raised to 800 W (beyond the transition point shown in figure 8 ) the intensity is fairly uniform, but there is an increase in intensity near the walls, and evidence of a Faraday gap ('dark space') forming between the bright emission at the walls (negative glow, caused by energetic electrons leaving the sheath) and the bulk plasma (positive He : NO at 20 Torr. The number in parentheses below the power level label on each curve is the intensity value by which the curve has been displaced above the y-axis; for example the peak intensity in the 1.6 kW case in (a) is ∼150. column). As the power is increased further (from 800 W to 1.6 kW), the bright negative glow regions near the walls grow in intensity, and the dark space becomes more pronounced. In the 60 MHz cases ( figure 11(b) ), the 404.7 nm intensity is more uniform than in the 13.56 MHz case. For 985 W input, the intensity at the boundary between the sheath and bulk plasma is only ∼20% higher than the intensity in the centre of the gap, and there is no evidence of a Faraday gap as in the 13.56 MHz cases at high power. The intensity profiles at 13.56 and 60 MHz for 800 W input are similar in shape, but the intensity at the centreline is approximately 40% higher in the 60 MHz case due to higher current density. Figure 12 shows O 2 (a) yield as a function of pressure without and with NO for 800 W RF input at 13.56 and 60 MHz in discharge geometry #3 (rectangular tube, 3.0 cm gap). These measurements were made 89 cm downstream of the discharge gap in a 50 mm I.D. circular flow channel, and therefore the curves are distorted from the exit yield by increasing O 2 (a) decay as pressure is increased. It was necessary to make measurements at this downstream location in order to have direct yield comparisons over the range of discharge tube geometries; the transition between the smaller diameter tubes and the 50 mm I.D. (well-calibrated) diagnostic block volume results in a subsonic jetting effect (highly visible via O-NO recombination emission) which confuses interpretation of the measured 1268 nm intensity due to axial variations of flow parameters. The addition of NO increases the O 2 (a) production through the entire pressure range investigated. The influence of discharge excitation frequency on O 2 (a) production as a function of pressure is substantial. At 5 Torr with NO added, the yield increases by more than a factor of two when frequency is increased from 13.56 to 60 MHz, reaching a maximum of 18%; near 20 Torr, the production level of O 2 (a) is nearly identical at the two frequencies, despite the differences in volume and mode summarized in figures 10 and 11; at pressures greater than 20 Torr, the use of the higher frequency results in strong reduction in O 2 (a) levels and it is better to use a 13.56 MHz discharge at pressure >20 Torr for this particular geometry. This data suggests a strong coupling between the influences of discharge pressure and excitation frequency on discharge characteristics which influence O 2 (a) production (electron temperature and density).
Influence of excitation frequency on O 2 (a) and O-atom production
A hypothetical reasoning for the dependence of O 2 (a) production on pressure and frequency observed in figure 12 is as follows. At low pressure and frequency, and sufficiently high power (800 W in this case), the discharge fills the plates and operates in γ -mode, where O 2 (a) production efficiency is low due to the inhomogeneous structure: the inefficiency is due to high electron temperatures near the walls which favours higher energy processes such as dissociation over O 2 (a) production. As pressure is raised, the plasma becomes more uniform, and transitions from an inhomogeneous γ -mode, to a homogeneous α-mode, in which the plasma fills the plate volume and conditions are favourable for O 2 (a) production, and the O 2 (a) yield increases. As pressure increases further, the discharge volume is reduced and it operates in a normal current density mode; this leads to increasing current density (and electron temperature) with pressure, producing conditions that are increasingly unfavourable for O 2 (a) production and increasingly favourable for higher energy processes such as dissociation. As discussed by Raizer [23] , the current density of the discharge and the critical current density which defines the transition between α-and γ -mode are proportional to the product of pressure and frequency. Therefore, when excitation frequency is increased from 13.56 to 60 MHz, the critical current density which defines α to γ transition and the α-mode current density which results in the most efficient O 2 (a) production occur at lower pressure. As a result, when the excitation frequency is raised, the peak O 2 (a) production efficiency shifts to lower pressure. Figure 13 shows the influence of excitation frequency on O 2 (a) yield as a function of power in discharge geometry #3 for 10 : 33 : 0.15 mmol s −1 O 2 : He : NO at 10 and 20 Torr. The O 2 (a) production is similar for the two frequencies at 20 Torr; at 10 Torr, the slope of yield with power is significantly increased for the 60 MHz case. For the 20 Torr cases, as evidenced by the profiles in figures 10 and 11, the discharge is approximately homogeneous up to 1 kW for both 13.56 and 60 MHz, and this leads to similar production efficiency of O 2 (a) for both frequencies. For the 10 Torr cases, there is less similarity in the discharge structure: the 13.56 MHz case operates in an abnormal mode throughout the sweep leading to the onset of γ -mode at ∼400 W which saturates the O 2 (a) production, while the 60 MHz case begins in normal current density mode at low power, fills the electrode gap at ∼500 W (becoming abnormal), and maintains a homogeneous structure up to 1 kW. Therefore, maintaining a homogeneous discharge structure is vital for efficient O 2 (a) production.
The increase in excitation frequency also results in a significant increase in oxygen atom production. The oxygen atom content determined by O-NO recombination emission at 580 nm is shown in figure 14 as a function of (a) RF input power figure 14(b) ). However, the increase in dissociation due to increased frequency is substantial for the variety of cases shown; as shown in figure 10 , increasing the frequency to 60 MHz results in the discharge operating at higher current density, which leads to a higher dissociation rate. Increasing the amount of NO in the discharge decreases the oxygen atom yield significantly ( figure 14(b) ), due to the titration and recombination mechanisms discussed earlier in section 3.1.
Rahkimova et al [18] observed improved O 2 (a) yield at 30 Torr by increasing excitation frequency from 13.56 MHz to 81 and 160 MHz, and decreasing the tube diameter from 14 to 7 mm. In this work, decreasing the discharge gap (and volume) led to enhanced O 2 (a) production at midrange pressures . Figures 15 and 16 summarize data taken with discharge configuration #4 (circular, 2.0 cm gap). Although the behaviour with pressure and frequency is similar to that seen in figure 12 , the peak O 2 (a) production shifts to higher pressure; as gap decreases, the current density for operation at a particular pressure decreases, and conditions for optimal O 2 (a) production at high pressures are improved. At an operating pressure of 20 Torr, increasing the excitation frequency from 13.56 to 60 MHz doubled the O 2 (a) production; O 2 (a) yield >15% was obtained for the 60 MHz case.
The increased frequency led to similar changes in oxygen atom production in both geometries #3 and #4; figure 17 shows the actinometry measurements comparing oxygen atom yield at 800 W RF in discharge geometries #3 and #4 for 13.56 and 60 MHz. The significant increase in power density (W cm −3 ) between geometries #3 and #4 results in a substantial increase in the dissociation. For geometry #3, the higher power density at 60 MHz compared with that at 13.56 MHz results in the slope of dissociation fraction increasing by nearly a factor of 6; in the smaller diameter tube (geometry #4) the slope of atom production at 13.56 and 60 MHz is similar, which is likely due to the power densities being similar in this case; however, the oxygen atom level is higher at the discharge exit for the 60 MHz case. Figure 18 shows that the O 2 (a) yield was increased at high pressure by increasing the diluent ratio; ∼13% yield was obtained at 50 Torr exciting the small diameter discharge (geometry #4) at 27 MHz. As was observed by Figure 15 . O 2 (a) yield as a function of (diagnostic block) pressure for varied excitation frequency at 800 W in discharge geometry #4 (circular, small diameter). Data measured 89 cm downstream from the discharge exit. The cases to the left of the vertical line at ∼3 Torr correspond to cases in which the discharge pressure is higher than the diagnostic block pressure. Woodard et al [42] for varied oxygen flow rates, the O 2 (a) yield saturates at a ratio of 6 : 1 He : O 2 . Early work with EOILs [5] established that the use of helium diluent lowers the E/N (electric field-to-gas density ratio) of the discharge, resulting in reduced electron temperatures which are more favourable for excitation of O 2 (a) (which has a threshold of 0.98 eV). Some of the benefit with the addition of helium is likely due to the reduced residence time between the discharge and measurement point; as helium is added, the flow speeds up, and there is less time for O 2 (a) to decay.
The addition of helium should also influence the modal behaviour of the discharge. As discussed by Yatsenko [24] , the critical boundary between α-and γ -modes occurs at a significantly higher value of pd (product of pressure and gap) for helium compared with air, nitrogen and carbon-dioxide. Since the α to γ transition is induced by breakdown of the capacitive α-mode sheaths (dependent on the Townsend condition and first and second ionization coefficients [24] ), it is reasonable to conclude that the lower ionization coefficient of helium leads to a delay in the transition to higher current density. However, the impact of helium diluent on discharge structure was not investigated in this study.
Summary and discussion
The region of high yield operation in an EOIL discharge was extended to higher pressures by following the pd scaling laws exemplified by Rakhimova et al [17, 18] and Braginsky et al [19] [20] [21] , showing improved operation by decreasing the electrode gap while increasing the excitation frequency. The transition between α (homogeneous) and γ (inhomogeneous) modes was established by CVC (currentvoltage characteristic) measurements and transverse intensity profiles in geometry #3 at 13.56 MHz; measurements of O 2 (a) in the afterglow clearly indicate the reduction in O 2 (a) production efficiency after transition, although the peak yield occurred at higher energy deposition in γ -mode ( figure 8 ). This saturation effect due to the α to γ transition is similar to that described in the work at lower oxygen flow rates by Rakhimova et al [17] . Figures 10 and 11 indicate that changing the excitation frequency from 13.56 to 60 MHz causes the discharge to operate in normal current density α-mode to higher power inputs. However, this did not delay the saturation effect for the cases at 20 Torr, and nearly the same yield performance was achieved between 0.2 and 1 kW at both 13.56 MHz and 60 MHz. At 10 Torr, the saturation effect was delayed to higher power input by increasing the frequency from 13.56 to 60 MHz, and a significant improvement in peak O 2 (a) yield was observed ( figure 13 ). This effect is likely due to the influence of frequency on the discharge mode: at 10 Torr, increasing the frequency converts the discharge from inhomogeneous γ -mode to homogeneous α-mode throughout the power sweep (0.2-1 kW), while at 20 Torr, the discharge structure is nearly homogeneous throughout this power range, although there is onset of γ -mode in the 13.56 MHz case which becomes pronounced at ∼800 W ( figure 11(a) ). Therefore, a homogeneous α-mode discharge offers the best O 2 (a) production efficiency.
A key issue that was demonstrated in this study is that the use of higher excitation frequency to induce α-mode operation results in higher oxygen atom production ( figure 14) . This can be attributed to the higher current density operation of the discharge when it operates in normal α-mode at 60 MHz (see figure 10 ). For 800 W input at 20 Torr into geometry #3, the discharge volume was reduced from filling the entire electrode gap at 13.56 MHz to filling half the gap at 60 MHz, and this resulted in a six-fold increase in the slope of the oxygen atom yield within the discharge ( figure 17 ). This is a discouraging result, considering oxygen atoms are a significant quencher of O 2 (a) [17] and I * [10, 11] ; oxygen atoms were removed by NO and NO 2 in early work by Carroll et al to reduce I * quenching, and were removed by catalytic reactions at an HgO-coated wall in the work by Rakhimova et al [17] in order to delay saturation of O 2 (a) with power deposition. From O-NO recombination measurements in figure 14(b) , it is obvious that the addition of NO is effective at removing oxygen atoms in the afterglow; however, the removal of oxygen atoms by reactions with NO is not sufficient to significantly reduce the buildup of oxygen atoms within the discharge for fast flow conditions, as was shown by Woodard et al [42] . A similar problem occurred in the work by Rakhimova et al [17] , where the HgO coating became less effective at delaying the saturation of O 2 (a) with power as the discharge was operated at higher pressure and flow rate. Based on these effects, a high current density discharge should be avoided, because this leads to more rapid buildup of oxygen atoms which are a rapid quencher of O 2 (a) and I * , leading to lower system efficiency when the discharge is applied to an EOIL.
Operating transverse RF discharges in a smaller tube at increased frequency led to improved O 2 (a) production efficiency at higher pressures . At 20 Torr operation in discharge geometry #4, increasing the frequency from 13.56 MHz to 27 MHz and then to 60 MHz lead to incremental improvements in O 2 (a) efficiency (figure 16). For these same conditions, there was not a significant change in oxygen atom production, due to the power density being similar in these cases (figure 17). It can be concluded from this that the increased excitation frequency leads to reduced sheath thickness, which promotes more efficient O 2 (a) production as first discussed by Rakhimova et al [17] . However, the oxygen atom production is increased from the levels obtained in the larger volume due to the increased power density ( figure 17) . Therefore, the oxygen atom production which influences O 2 (a) saturation is not sufficiently suppressed by more rapid diffusion and recombination at the wall in the smaller diameter tube, and the oxygen recombination mechanisms with NO are ineffective in this case due to the increased flow velocity [42] . However, the decrease in gap in this case has allowed a homogeneous discharge at higher pressures with improved O 2 (a) yield performance as compared with the larger volume discharges (geometries #1-3). The increasing power density with increasing pressure which was a concern in the large volume discharge (geometries #1-3) is also a concern with the smaller gap discharge (geometry #4), and this becomes more pronounced as the frequency is increased, because the normal α-mode can support higher current density [23] . Thus better high-pressure performance was obtained at low frequency, because this allowed a lower current density discharge, more optimal for O 2 (a) production.
Conclusion
From this study, it is obvious that the level of O 2 (a) production in transverse RF discharges is strongly coupled to the pressure, gap, and frequency of the discharge configuration, and the influence that these parameters have on the discharge characteristics (mode, electron temperature and density). The best conditions for O 2 (a) production efficiency were observed to be a low current density homogeneous discharge. Increasing the excitation frequency at low pressures allowed maintenance of α-mode to higher energy depositions, resulting in enhancement of the O 2 (a) yield. In the high pressure case, which is more desirable for EOIL operation, the discharges operate in a normal current density mode in which the plasma volume is decreased and the power density is increased compared with the lower pressure cases. The influence of frequency on O 2 (a) production at high pressure was reversed and increasing frequency lead to reduction of the discharge volume to higher normal current density which favoured dissociation over O 2 (a) production. Therefore, it was necessary to decrease the discharge gap in order to exploit the benefit of higher frequency operation, or to operate at lower frequency for improved O 2 (a) production efficiency. In any case, operation of the discharge at higher power density results in increased oxygen atom production leading to higher quenching of O 2 (a). Therefore, since it is necessary to reduce the electrode separation to maintain favourable discharge characteristics for O 2 (a) production at higher pressure, this should be accomplished by reducing the transverse gap while maintaining the volume between the electrodes such that low power density is maintained, and the residence time is maintained to allow removal of oxygen atoms by wall recombination and reactions with NO. Based on these results, it is the goal of future work to pursue high-pressure transverse RF discharge designs for EOILs in which more efficient O 2 (a) production is achieved by maintaining a low current density homogeneous α-mode discharge to high power inputs.
